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Crustacean evolution is visualised as proceeding through a space-time continuum in which
the Red Queen and stasis have operated. Under these conditions, evolutionary bursts were
fuelled by majarenvironmental changes following whichthe new diversities of 1axa, having
expanded into any newly available niches, returned to the Red Queen or stasis mode.
Afler some polyphyly in the Cambrian, which remains poorly understood, the major
radiations in Crusiacea seem to conform to such a scenario, particularly from the Hercynian
tectonic epoch onwards. Important events following this include the initiation of Tethys,
Carboniferous-Permian glaciations. peats and coals, Pangaea, Triassic desertic conditions,
Mesozoic Tethys, the Purbeckian-Wealden, break-up of Gondwana, the Danian crisis.
origin of the psychrosphere and Palacogene Tethys, Paratethys, the Mediterranean Messi-
nian event, the Central American filier. impingement of India against the Himalayas and
of the Australian Block zpainst the Indonesian arc, Pleistocene glaciations. Iustrations of
the evolutionary effects for crustaceans are given mainly from the Ostracoda, although
examples from other taxa are also cited.

Consequently, after preliminary discussion of such factors as limitations in the fossil record
and convergence, new event-triggered phylogenies are derived for the main crustacean
classes, maxillopodans and Oslracoda.

The rale of humans in passive crustacean dispersal is analysed bricfly, stressing the
importance of history for a proper understanding of this phenomenan. [ Biageography,
palacontology, evolution, Crustacea, Ostracoda, man.
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The thesis that evolution is event-triggered is
well on the way to becoming a new orthodoxy in
evolutionary science. Citing Benson (1983: 35),
‘We are today in the middle of such a change:
from the acceptance of continuity as a necessary
and sufficient procedural assumption to a con-
currence that interrupted stasis is an obvious
condition of development.’ Later in the same
book Fischer (1985, fig. 7-1) correlated biotic
crises with cycles of climatic change, sca level
variation and vulcanism for the entire Phancro-
zoic (Cambrian—Recent),

There is a further modal constraint upon this
paper. Van Valen (1973) propounded an evolu-
tionary theory that all groups, ‘go extinctat a rate
that is constant for a given group’ cvén in a
constant physical environment. This rationale
goes under the attractive name of the Red Queen
hypothesis. At the court of the Red Queen extinc-
tion is inevitable, an entropiceffect. Stenseth and
Maynard Smith (1984} proposed an alternative
hypothesis, that evolutionary stasis would be
maintained until the physical environment was
disturbed; then they demaonstrated mathemati-
cally that both the Red Queen and stasis were
feasible. This combined model is more gener-

alised than the Macarthur-Wilson equilibrium
hypothesis, in which species number is a dy-
namic equilibrium between immigrant taxa und
those which become extinct (Webb, 1985), be-
cuause it altows for the development of new taxa
in situ following cnvironmental change and ex-
tinction without necessifating stimulation of
such evolution by immigrant competitors, al-
though this is not excluded.

Summarising, crustaccan cvolution is wvisu-
alised asproceeding through an Earth space-time
continuum in which the Red Queen and stasis
have operated. Under these conditions, evolu-
tionary bursts were fuelled by major en-
vironmental changes after which the new
diversities of taxa, having expanded into any
newly available niches, returned to the Red
Queen or stasis mode. The paper first brieily
outlines the stratigraphy of crustaccan evolution
and the contemporary major environmental
changes; then develops phylogenies based in the
geological record; and finally cautions that pas-
sive dispersal of some crustaceans by humins
can distort biogeographic (and any linked phy-
logenetic) patterns.
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CRUSTACEAN EVOLUTION AND MAIQOR
ENVIRONMENTAL CHANGES

UAMBRIAN

The Cambrian Perivd is lnghly significant for
the evolution of life on Earth. Although several
majar groups had appeared in the Ediacaran
(latest Precambtian), their distribution is patchy:
first appearance of widespread, richly diverse
and abundant fossils is penerally a diagnostic
leature of Cambrian sequences, Briggs and For-
tey (1989), summarising the carly radiation and
relationships of the major arthropodan taxa, pro-
vide a cladogram which indicates that
crustaceans and crustacean-like animals occupy
2 primitive position among carly biramian ar-
thropodans, Their data come [rom the Middle
Cambrian Burgess Shale fauna of British
Columbia, Canada, which contains scveral
possible crustacecans of uncertain affinities, in-
cluding Waptia, Odaraia, Branchivcaris, {’er-
spicaris, Plenocaris and Canadaspis. All were
extinct by the close of the Cambrnian. Boxshall
(1983) also refers to the crustacean-like taxa of
the Burgess Shale and includes the barnacle-like
Priscansermarinus in his hist, Confirmation that
the latter is 4 barnacle requires the discovery and
description of, *identifiable cirviped structures,
such as cirri, within the capittlum.” {Collins and
Rudkin, 1931 101 1).

Canadaspis was once 1egarded s the carliest
phyllocarid (Briggs, 1978) but this view no longer
prevails and Dahl (1987) even thinks that it may
not be a crustaccan. Similarly, Branchiocarts
(Briggs. 1976) scems a plausible carly branchiopo-
dan butis separated in time from more pencrally.
accepted fossil branchwpods by abuut 200
million years. Briggs (1983) is unconvinced o 4
crustacean affinity and is similarly critical of
Wapiia, Qdaraic, Plenccaris and Perspicaris.
Note that the mandible is unknown for most of
these tuxa excepl Canadaspis and ranchio-
caris, and that the Brancitiocaris mandible is
certainly non-crustacean (Briggs, 19762 11-120),

The other Cambrian fauna with majar rele-
vance for crustacean phylogencticists is that of
the bituminous limestore Orstenof Sweden. The
Phosphatocopida (Mdaller, 1979a), Skaracarida
(Miiller and Walossek, 1983) iund Otstenocanda
{Miillerand Walossek, 1988) are all preserved in
such complete detail that their assignment to
Maxillopada can be sustained. Of these taxa,
Skaracarida and Orstenocarida were apparently
extinct by the end of the Cambrian but Phospha-
tocopida lingered into the Early Ordovician and
scem closely related to Bradoriida, both orders

being referrable tothe Subclass Ostracoda (Mad-
docks, 1982; McKenzie, Miiller and Gramm,
1983). Briddoriids we the commonest, mast
diverse and maost abundant Cambrian
crustaceans. They occur in Cambrian rocks al-
mos| everywhere but their geologics| succession
and geocraphical distribution has been worked
out most completely in China (Huo and Shu,
198S; Huo et al., 1989). Huo and Shu (1983,
1983} regard naupliine bradoriids as the eazlicst
crustacean ancestors.

The favourable environmental setting for this
first evolutionary burst among crustaceans was
due to the widespread marine [ransgression that
followed o latest Precambrian glacial epoch of
continental emergence. Workers on all tossil
proups concir that seas were epicontinental and
relatively shallow. There was also a major globul
climatic change from cold in the carliest Cam-
brian to wam in the remainder of the Penind
(Boucut and Gray, 1987: 33-36).

ORDOVICIAN AND SILURIAN

During the next two geological periods, the
major crustacean diversifications took place
among vstracodes, Maddochks (1982: 227) notes,
“This Ordovician burst of adaplive radiation ol
calcarcous shelled types. near-simultancous
origin of the major post-Cambrian orders and
rapid disappearance of Cambrian stocks is a
commaon evolutionary palicm in many inverie-
brale phyla.” Thus, as Bradorida and Phosphato-
copidi died out, Leperditicopida, Beyrichicopida,
Podocopida, Platycopida and entomozoacean
Cladocopida all evolved. The Silurian saw the
initiation of the Halocypridavia Entomoconchacea
(Kumicker and Sohia, 1976a), No definite Or-
dovician Myodocopida are known although, if
the phylogeny in Kornicker and Sohn (1976b) 35
correct, they would have split irom Cladocopida
and Halocyprida before these evolved. The mnst
charactenistic Lower Palaeozoic groups, huw-
cver, were Leperditicopida and Beyrichicopida.
‘The tormer were an offshoot from the mann
lincages of ostracode evolution — their in-
tratarnellar radial carapace structures are unigue
within the subclass (Sohn, 1974) — and they
include the largest known ostracodes (Abushik,
1979); the latter very often are spectaculatly-or-
namented (Kesling, 1969). Indeed, Beyrichi-
copida were the most abundant Ordovician
(Sarv, 1972) and Silueian (Siveier, 1978)
crustaceans. Their radiation during these periods
was extremely complex, as the rapid evolution
of numerous genera went hand 1w hand with
almost cqually numerous extinctions (Scott.
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1961, figs 47, 6S). Beyrichicopid systemuties
were long bedevilled by unrecognised homeo-
morphics until Scandinavian workers cstab-
lished the crucial importance for their
classilication of sex dimorphic features (Schall-
reuter, 1988). The role of homeomorphy in
crustacean evolution is refeired to again in the
Discussion section of this paper,

Equally important was evolution of the first
phyltacarids, beginning in the Early Ordovician
wilh the archacostmacan Ceratiocarts (Ruolfe.
1969), The lower Palacazoic Archacostraca are
regarded as part of the ancestral stock of all
malacostracans by seme workers (Dahl, 1987).

The initiation of another maxillopodun sub-
class occurred during the Late Silurian, Cy-
prilepus holmi, of Estonia, was identified as a
pedunculate cirriped by Wills (1963). Newman
and Hessler (1989, fig. 5} derive the evolution of
all Pedunculata and Sessilia from this ancestral
type. Finally, F. R. Schram illustrated a Silurian
semipede during his talk at the confercnee, This
is the carliest known represcntative of the Re-
mipedia,

Environmental triggers to the cvolution and
radiations of as many as seven ostracode orders
and Ceratiocaris surely included the widespread
tectonism of the mid-Ordovician, Seas remained
epicontinental and relatively shallow and ini-
tially they were warm. There is evidence for
glaciation in Arabiy, northern and southern
Africa, and South America, dated ut near the
Ordovician=Silurian boundary (Boucot and
Gray, 1987, fig. 3). A gond discussion is pro-
vided by Fischer{1985). This geologically shor(-
lived global cooling indicates more varied
climatcs at the inter period boundary and was
followed by mid-Silurian tectonism.

DEVONIAN AND EARLY CARBONIFEROUS

It could be convincingly argued that this was
the mast importtant geologicasl interval for
development of the main crustacean stocks. The
first shrimp-like decapods — Palucopalaemon
— evplved then (Sturgeon ef al,, 1964}, Other
Devonian malacostracans were no less remarkis-
ble, including Focaris and Devanocaris of un-
certain alfinities and the first palacosiomatopod
hoplocarids (Brooks, 1969, fig. 157); also 21
genera of archavosiracan phyllocarids (Rolfe,
1969, fig. 122), such as Ec/unocaris (Sturgeon o
al., 1964) and Nahccaris (Bergstrom et al..
1987).

The reoord for other crustacean classes wias
even mure potewarthy. The first Branchiopoda

appearcd, via the Spinicaudaty and Lipostraca
(note however that Schram has recently il-
lustrated & possible Silurian anastracan). Spini-
caudata ane conchostracans; and they entered the
geolpgicyl record represented by 4 families
(Tasch, 1Y6Y), Lipositaca were primilive anos-
tracans (Scourficld, 1926). Additionally,
acrothoracic barnacles cvalved (Trypetesa).

The mos! abundant and diverse Devonian
crustacenns, however, remained the Ostracoda,
and numerous very tich founas have been de-
scribed (Pokosny. 1950; Beckerand Bless, 1974,
Tschigova, 1Y67; Jones, 1968; Polenova, 1968,
1974 Adamezak, 190X, 1976; Kesling and Chil-
man, 1978; Becker, 1988). While beyrichicopids
still dominated. there were also many podu-
copids. platycopids and myodocopids; and 15
penera of leperditicopids (Abushik, 1979; Jean
Berdan, per. comm. 1981) although the Order
became extinct by the Carboniferous This wis
slzo the time for diversification in entomocon-
chacean halocyprids (Kesling, 1954) and fur the
major radisiion in enthmoezoacean cladocopids
(Gruendel, 1962; Gooday. 1978).

Devonian climates are summarised in Bouent
and Gray (1987: 38—43, figs 6-8) and a plausible
palucogeography is given by Rickard and Belbia
{1980)). Peats. red beds end marginal marine
cvaporites were tvpical on land and near the
shoreline. Seas were epicontinental and mainly
shallow, but reached basinal depths in regions
churacterised by the Thuringia-facies the most
complete discussion of which is given by
McKenzie (1987) who cites important priar ref-
crenees. The gencral tectonics of the Hercynian
cpoch are outlined by Carey (1987). Some idza
ol Lhe complexily of the muvements is given in
the team project on the Omolon region, Siberia
(Simakov ¢t al., 1Y83), It scems that pravincial-
ism charuciensed the Early Devoniun whereas
Lite Devonian faunas were more widespread.
Steiner (1967) linked the mid-Devonian biotic
crisis 1o the dynamics of the Milky Way galaxy;
fur Fischer (1985) astronomical factors have
acither the amplitude nor the frequency 1o ac-
count satisfactorily for the faunal changes which
he believes were i response 1o a major reversal
in climatic cycle, from ‘greenhouse’ to “ic-
bouse stake (Fischer, 1985, fig. 7-1). Note, haw-
ever, thut the eetonic setting overlapped into the
Carhoniferous, terminating with the defipitive
estabhishment of Tethys.

Reapperaising the crustacean faunas of the
Devonian, it is cvident that the radiations and
intliatiuny an malacostiscans (Phyllocarida, Ho-
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plocarida, Decapodu). branchiopods (Spinicau-
data, Lipostraca) and Ostracoda can all be ex-
plained as triggered by the mid-Devonian crisis.
By its close, the Lipostracy upparently had
vanished from the geological record.

On the other hand, the Early Carboniferous
heralded further initiations of major crustacean
groups, among them the important remipede
Tesnusocaris (Schram and Emerson, 1986).
Malacostracan initiations were primitive hoplo-
caridan animals (Crangopsis), pygocephalo-
morphs (Tealliocaris, Pscudotealliocaris),
unthracocandomorph tunaidaccans (Anthraco-
caris), primilive spelaeogriphaceans (Acadio-
carfs). as well as palacocaridacean ancestors of
the Syncarida (Brooks. 1969, fig. 157; Brigps
and Clarkson. 1985: Schram er al.. 195806:
Schram, 1984, 1988). Branchiopoda were repre-
sented by the earliest Notostraca as well as by
spinicaudate conchostracans: pedunculate bar-
aacles by Pracelepas; ostracode initistions in-
tluded cyprellid and rhombinid myodocopids,
and the Danwinulacopina (Sohn, 1988).

Environmeals and facics ol the Larly Car-
bomferous huve been exhaustively studied. 'The
malacostracan fossils were preserved in shioic-
line, tidal t1at, brackish-marine, deltaic and near-
shore freshwater lake hubitats, including couley
and apatite-rich facies (Briggs and Clarkson,
1983, 1988), Many Ostracoda alse have been
described from similar facies (Bless, 1973, 1983;
Bless aml Massa TY88; lones 1989). Further
offshore, Thurincia-type faunas persisted
{Devolve and Lethiers, 1936).

During the tiot and humid climates of the time,
limnic basins of thalassogpcnic type were wide:
spread especially in northern continental areas,
Ostracada, in particular, were quick (o exploit
such niches via a number of families; typical
genera included Geisina, Carbonita, Whiplella.
Darvinutz and Tomiella (Carbone! cr af,. 1985,
fig. 25). Their assemblages, and thase of the
conlemporary conchostracans, were the carlies!
widespread continental crustaccan faunas.

1772 CARBONITERAUS, PERMIAN AKD TRIASKIC

The profound changes in crustuccan faunas
¢uring the later Carboniferous. Permianand Tri-
assicwerewelltypified by ostracodes. Atthe end
of the Cartoniferous, the following murine
grotps were extinet: beyrichiacean beyrichi-
copids: Entomozoacea and Entomoconchacea:
the myoadecopid families Cyprellidae, Cyprid-
irellidae and Rhombinidae; Eridostraca; and
Leperditicopida. The Perma-Triussic marine eX-

tinctions included Beyrichicopida which had
duominated for most ol the Palaeozoic, and also
the klnedencllucopine platycopids. On land, the
crisis was cven more severe with only Dar-
winnla und one cylheracean genus surviving into
the mid-Triassic,

Other apparent victims of this scrics of major
biotic erises were palacocaridaccan syncarids,
teypetesid barnacles, Acadiocaris, the temipedes
Tesnusocarts and Cryprocaris, and anthraco-
caridomorph tanaidaceans such as Eucryplo-
caris. But the lineal descendants of these taxa
continued fo evolve. Thus, although the carlies!
isopod is a Carbonifcrous phreatoicoid the next
fossils in this group do not appear until the
lurassic.

The initiations and radiations were just us im-
portunt. For Ostracoda, there were marine radia-
tions in Bairdiacca (Kristan-Tollmann, 1971),
19715 Bolz, 197 1) and Healdiacea, and evolution
of the family Gloriancllidac in brackish environ-
ments (Gruendel, 1978); ulso polycopaccan
cladocopids, thaumatocypridacean halocyprids
and cythercllocopine platycopids (Gramm,
1968, Kornicker and Soln, 19764), On lfund,
Darwinulocopina were still widespread but the
faunas also included representatives of 10 non-
darwinubcopine Gimilics and by, *the end of the
Late Permian, freshwater ostracode associations
reached maximum species diversity and geo-
graphic dilferentision for the Palaeozoic' (Car-
honel er al., 1988: 452).

Other crustacean initiations during the Per-
miun included penacid and astacid Decapeda,
cumaccans, stygocaridacean syncarids (Clarke-
enrss), and perhaps the fist leptostracan phyllo-
curids (Brooks, 1969; Rolle, 1969; Glaessaer,
196Y), The ‘Triassic was marked by the first
appearances of mysids. syncaridacean syu-
carids, zaptellid acrothoracican barnacles, and
glypheuid and eryonuoid Decapoda,

Several major palacogeographic and climatic
chunges were associated with these faunal
developments. The continents coalesced form-
ing Pangaca, its two main landmasses, Laurasia
and Gondwana, being separated by a dominantly
shallow Tethys. There was some mid-Car-
boniferous tectonism. Climates were glacial at
higher lstitudes during the Carbomiferous-Per-
mian nadir of the *icchouse stote’ cycle (Fischer,
1985, fig, 7-1), but warm and humid in the trop-
ics. During the Permian, the continents emerged
and there was a salinity erisis in the mainly
epicontinental seas. Towards the close of the
Triassic, on lhe other hand, although the world
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had warmed up again, climates were desertic not
humid.

In marine habituls generally, ostracodes re-
mained the dominant crostaccan group in the
tater Carbonifercus and Permian, und were ox-
cellent environmental indices in the generally
shallow continental shelt seas (Mclynk and
Maddocks, 1988; Costunzo and Kacsler, 1987
Bless, 1987); however, Kozur (pers. comm,,
1989) insists on the cecurrence of some truc
deepwater facies (deeper than muesubathyal) in
the Middle-Late Permian of Tethys.

During the Triassic. many Tethyan facics and
faunas were cosmopotitan from Europe thirough
(o Asia and even the Americas (Kristun-
Tollmann et al, 1987; Sohn, 1987: Kristan-
Tollmann, T98R).

Niche-diversification was particularly marked
on land, where brackish, Ireshwaler and miner-
alised Iakes were all cammon, cach with charac-
teristic fuunas. This provided opportunitics for
many enlrepreneurial groups. notably including
syncarids and Notocostraca. although the com-
monest assembliges by far cunsisted of spini-
caudate conchastracans or ostracodes. By the
mid-Triassic many of these ostracodes (Car-
bonel ¢ al., 1988, lig. 27) und also the vertexiid
Spinicaudata (Tasch, 1969) had died out. pre-
sumably victims of the change (o desenic cli-
mates. But Kazacharthra (Chenand Zhou, 1985)
niest appeared in the Late Triassic.

JURASSIC AND CRETACEOUS

Crustaccan diversity in the Jurassic and
Cretaceous was cunsiderable in all majur taxa
and in all aquatic environments, continental as
well as marine. Thus, in the Jurassic six more
decapod superfumilics became established
{Glaessner, 1969), along with numerous pedun-
culate barnacles (Newman, Zulto und Withers,
1969, table 2), rodgerellid Thoracica; and ap-
seudomorph tanaidaceans. Verrucomorph,
hrachylepadomorph and balanomorph sessile
barnacles radiated in the Late Jurassic-Early
Cretaceous, but many lepadomorh genera also
became extinet in the Jurassic and by the vnd of
the Cretaceous. The Early Cretaccous saw the
evolution of tansidomorph tsnaidaceans
{Schram et al., 1986); and the oldest fossil
copepnd has been identificd from the Early
Cretaceous of Brazil, Ascothoracida (Endosac-
culus) evolved in the Late Cretaceous.

Evolutionary pcaks, in what has been called
1he Mesozuic explosion of the ostracode Cyther-
acea, characlerised the mid-Jurassic, mid-

Cretaceous and Late Cretaceous (Whatley anmd
Stephens, 1973). Their iniliations and cxtine-
tions clearly express a Red Queen evolutionary
pattern (Oertli, 1985, tables 5,6,8). Other initia-
tions inctude the first Macrocyprididae (Mad-
docks, 1990), Sigilliacea (Szczechury and
Dlaszvy, 1968): and Punciacea (Herrig, 1988).
The Mesozoic=Tertiary distribution via Tethys
and Gondwana of entocytherid parasites is
linked to the fossil kistory of their host taxa —
phreatocoids, cirolanids, sphucromids, gam-
marideans. astacids, parastacids and potamids
{McKenzie, 1973).

Continental interiors were chuaracterised by
large lake systems (including salinc lakes) in
tecronic depressions and intermontane basins, as
in China (Chen. 1987). Darwinulu and limnocy-
therid cytheraceans were widespread carlier. but
by the Purbeckian-Wealdean epoch of alternsl-
ing transgression/regression cypndeceans had
tuken over (Anderson, 19Y71; Colin und
Daniclopo!, 1979, 1980; Ye, 1984, Su, 1987).
However, most of the characteristic genera off
this first continental cypridacean radiation were
short-lived, With respeet to conchostracans, the
spinicaudate familics Estheriellidae. Ip-
siloniidae and Asmussiidae all died out in the
Cretaccous but this was balanced by evolution af
the order Luevicaudata,

World climales were in their ' greenhouse” phase
according to Fischer (1985, fig. 7-1). Thus, it was
generally wart to hot and humid everywhere
until the elonse of the Cretaccous. Voleanicactiv-
ity peaked in the mid-Cretaceous. High sca-
levels characterised the mid-Jurassic,
mid-Cretaceous and Late Cretaceous. The -
Jurassic black marls indicate relatively deep epi-
continental marine basins, with Liasina and
metacope ostracodes (Ocrtli, 1963). Summraris
ing the Cretaccous histoty of Africa, Reyment
and Dingle (1987) recorded that rifting to open
the South Atlantic began in the Late Jurassic bul
there were sl conneetions in the Brazil-west
Africa region until the mid-Cretaccous as shown
by many common ostracodes (Malz, 1980), Then
the break-up of Gundwana, and provincialism in
the Southern Hemisphere, initiated.

Marine cnvironments were dominated by the
classic Tethys of Suess (1893) which isa mid-Me-
soz0ic phenomenon, The analysis in McKenzie
(1987) demonsirates that Tethys was not broad and
unilorm, as supposed by some palaeocartographers,
but comprised wide continental shelves and sinu-
ous intcrvening usually cpibathyal decpwater fa-
cies, plus some small confined basins. 11 was
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affected by tectono-custatic vartions in sca
level which were more or less marked according
as they were in or outl of phase with crustal
movements (Reyment and Bengtson, 1985).
Thus, along the southerm flank of Tethys in
northern Africa and the Middle East, Jurassic—
Crelaceous facies were transitional from fresh-
water 1o mineralised sabkba Lo brackish to
shallow marine (including bituminous basinal
mails) in phase with tectonism and eustasy. Os-
tracoda are reliable palacoenvironmental indices
(Damotte et nl, 1987; Majoran, 1989; Basha.
1U85: Rosenleld and Raab, 1974, 1984; Honig-
stein et al., 1989; Al-Abdul-Razzaq and
Grosdidier, 1981; Al-Furaih, 1980), The con-
temporary decper-watcer basinal facies which
covered, for example, much of Francc by the
mid-Cretaceous (Oertli, 1985) indicale com-
mencementofachange in Tethys, from epiconti-
nental to truly oceanic.

The tectono-eustatic lransgressions of the
Cretaceous were well-marked elsewhere in the
world, notably in Africa, Australia and the
Americas, The chatuctenistic crustaceans of their
fossil faunas were usually ostracodes (Dingle,
1984. Kroemmelbein, 1975; Hazel and
Brouwers, 1982; Beriels, 1973) ar barnacles
(Newman and Hesster, 1Y8Y) aithough many
Late Cretaceous decapod-rich zones occur in the
United States (Bishop. 1957).

Wholesale extinctions that devastated many
groups of animals marked the Mesozoic—Ceno-
2oicboundary. The classic study ofthis cvent has
noted a major species level change 'n Ostrucoda
and the extinction of numcrouns marine barniacles
(Kaufmann, 1985: 191); many decapod genura
also dicd out (Glacssner, 196Y. fig. 251). The
environmental model praposed (o sccount for
this cnvisages a major custatic sca level rise
assuciuted with sctive tectonism accompanicd
by climatic warming during the earlicr Lale
Cretaceous, {ollowed by sudden and widespread
oxvgen-depletion in the occans and marine
temperalure decline during the Danian) several
other possible causcs arc also discussed, includ-
ing an extraterrestrial iridinm-tich cvent (Kaut-
mann, 1985).

i

The Crelaceous decimations paved the way far
develnpment of the modern Crustacca. Thiy is
well brought oul by the suprigencric tixa of
Decapoda; Glaessner (1969, Fig. 251) shows
that 32 af 51 surviving familics evolved in the
Tertiary—-Recent. Bamacle gencra with fossil re-

cords lell the same story; Newman, Zullo and
Withers (1969, tuble 2) show that 38 of 62 genera
cvolved in the Tertiary=Recent, and that 27 of
these were balanomorphs. For Ostracoda, the
Aquitaine Basin, France (McKenzie ef ul,
1979) has aver 1100 Tertiary—Recent specics:
and of the more than 200 genera less than 10
have Cretaceous ur earlier records,

The initiations of new major groups include 4
of the extant branchiopod orders (Fryer, 1987),
There were important adaptive radiations in
Copepoda, Isopoda. brachyuran Decapoda and,
probably, Amphipoda. But many groups have no
appreciable fossil record: including Ctenopoda,
Onychopoda and Haplopoda (cladocerans),
Mystacocarida; Cephalocarida; several orders of
Copepoda; Branchiura; Rhizocephala; Bathy-
nellacea; Thermoshaenicen; Euphausinces; and
Tantulocarida, This will be discussed below.

The Cenozoic alsa saw importunt extinetions,
amang them the rodgerellid and zapfellid As-
cothoracica. Further, 26 ostracode genera had
disappcared from the Aquitaine Basin by tne end
of the Tertiary (MeKenzic et al., 1979: 140).

The environmental triggers to such develop-
ments had various tectonic, custatic and climalic
components., Very important amonyg these was
the origin of the psychrosphere, The estab-
lishment of regions of abyssal and gresder
depths, that is the realm of {rue oceans, had
probably begun in the mid-Cretaccous but the
carlicst psychrospheric ostracode assemblags
have becn dated us Eoceny, based on Deep Sea
Drilling Pioject cores (Benson, [973).
McKenzie (1987) considered that the ubiquity of
new and specialised deep sea ostracode taxa was
an indication of the comparative recency of this
niche. The figures fur crustuceans of the hadal
zone are intercsting from this point of view.
Table ! has been abstracted from Belvacv
(198Y). It shows thal by far the largest number of
crustuccans hiving in this deepest zone belong to
comparatively young groups such as the Isapoda
and Amphipodas. Even in the vider groups most
hadalspecies represent geologically young taxa,
e.g. 6 ostracode Conchoeciidag (Late Cretacgous-
Recent): 10 cimpede Scalpellidae, of which genera
with fnssil records date from the Late Cretaccous
or Eovene; and 20 species. of the Recent tan-
widacesn suborder Neotwnidomomhin (13lyicy,
1989).

During much of the Palaeogene and umil the
mid-Miocene, Tethys was a world-encompiss-
ing ocean in low latitudes that was psy-
chrospheric at depth; acress its ¢atire extent
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TABLE 1. Hadal Crustacea (cf. Belvaev, 1959).

Taxa Number o Speeies
Calinoid Copepods 32
Cirripedin 10 (all Scalpellidae
Ostracody 14 (6 Cnnchoeciidig)
Mysidacea 12
Cumacuea 1]
Tanaidacca 5720

Neotangidomorpha)

Isopuda 140
Amphipodu 64

astracode assemblages contained numerous
common genera (McKenzie, 1967). Tectonic
pulses in the Middle East closed off western
Tethys from the Indo-Pacific in the mid-Mio-
vene, Two related events then had considerable
impact upon Mediterranean faunas (Roegl and
Steininger, 1984). First came the establishment
of Paratethys and ils sometimes linked some-
times separate component basins with their
highly characteristic ostracode faunas (Pokomny,
1952; Stancheva, 1965; Sheidaveva-Kulicva,
1966; Krslic, 1971; Sokuc, 1971; Yassini, 1987)
which exhibited an almost 1009 turnover as
hasinal salinities alternated between marine.
brackish and fresh in phase with tectonism and
custasy (Table 2). Destructive in a faunal sense
was the Messinian (Late Miocene) crisis during
which the Mediterrancan dricd out and thick
beds of gypsum were deposited — an index for
this epoch is the Paratethyan curyhaline ostra-
code Cyprideis pannonica. As a resull, when the
ncean refilled in the Pliocene, faunas were re-
placed from the Atlantic, For crustaceans, the
consequences were twofold. Firstly, modern
Mediterranean species have almost no links with
Indopacific faunas except for a few relicts, and
somec Lessepsian migrants (Por, 1971) via the
Suez Canal filter. Secandly, becaust of the Gi-
braltar Sill only shallow-adapted Pliocene spe-

TABLEZ2. Qstracode assemblages of the Patutethys in
northwest Bulgaria (Stancheva, 1965), showing a
near-complete favnal turnover io the same buasin al
each Stage boundary.

Sihpe Tu:‘;l:\pc’cits Cammuon speues with
= tsubspecics) next older Stape
Pontan 275 Naone
Macotian 7(3) L
Sarmalisn 104(9) 2
Badenian S -

S }
1

!

cies entered from the Atlantic. thus the Mediter-
rancan decpwater ostracode fauna differs from
that of other alder nceans (Bonaduce er wl.,
1983),

In the Indo-West Pacific, an important tectonic
event was the impingement of the Australian
Block against the Indonesian Arc. Unlike the
earlier suturing of India with the Himalayas
(which closed off a former marine corridor), this
event led to faunal mixing and a new burst of
marine speciation. McKenzie (1981, 1986)
belicves that evolution of the ostracode Sub-
family Renaudeyprinae and many island assem-
blages in the southwest Pacific have resulted as
responscs to the complex Neogenu regional tec-
tonics. On the other hand, Newman (1986)
ascribes the development of the barnacle fauna
of the isolated Hawaiian Archipclago to long
range chance dispersal during and since the Neo-
gene,

At the western end of Tethys, a eritical Neo-
gene event was the emergence of the isthmus of
Panama which closed off the Caribbean and Gulf
of Mexica from the Pacific seaboard of (he
Amecricas. Cronin (1985) and Cronin and
Schmidi (1988) have discussed evolution in the
ostracode genera Puriana and Orionina as. an
effect of this event,

On land, apan from Paratcthys, large Cenazaic
basins characterised by variable salinities arc
known from the Amazon region (Purper, 1979;
Purper and Pinto, 1985) and China (Yang ¢t al.,
1988), But the most important events were the
glaciations of the Pleistocene Epoch. Glaciers
covered much of Narth America, Europe and
Asia wiping oot all but a few relictual favnas.
The reaccupation of these niches, following the
last Tetreat of the ice sheets about 11,000 years
ago, has been cffected especially by partheno-
genetic taxa. On other continents, cndemism
characterises the continental aquatic and also the
terrestrial crustacean faunas. This is scarcely
surprising given the long isolation of South
America, south Africa, India and Australia {rom
the northern Palaearctic and Nearctic provinccs.
Thus, Australia has mainly endemic faunas of
anostracans, anaspidaceans, phreatoicoids, and
calanoid copepods as well as ostracodes.

DISCUSSION

The detajl provided in the foregoing section is
clearly sulficient la sustain the thesis that eveli
tion is event-triggered. Evidently, the first evo-

Iwtionary burst nf Crustacea occurred in
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pro-Tethyan early Palaeszoic scass the second
main cpisode was associated with shallow
Tethys, Pangaca, and then the Laurasia and
Gondwana landmasses (Jate Middic Devoman to
Middle Cretaceous); while the third main epi-
sode relates to the evolution of deep, psy-
chrospheric modern aceans and present
continental asscmblics, beginning around the
middle Cretaceous (McKepzie, 1987, 1959).The
data are biassed towards Ostracoda because they
are the most abundant crustacean [osails, Two
recent bibliographies (Kempf, 198(), 1988), both
incomplete at their dates of publication by about
10%% according to the author, list nearly 5100
taxonomic papers, The preponderance of these
papers refer to fossil species. Numbers of de-
scrined fossil Ostracoda are not known with
certainty but are in any case over 30,000 and
increase by several hundred species a yeur.

For many reasons, some of which are dis-
cussed briefly below, it is difficult to specify u
typical crustacean facies. Nevertheless, the dis-
tinctiveness of the phylum is generally ackhow-
tedged. This consensus is due primarily to the
wark of Manton (1973) who characterised
crustaceans as distinet from Chelicesuta, Trilo-
bita-and Unitamia, Her assessment was vindi-
cated on embryological grounds by Arderson
(1973).

The observation has alreadv bren made thal
sorme Recent crustacean orders ate not repre-
sented in the fossil record, There are o varicty of
reasons for this, mosl commonly that many
groups have a wholly <ot anatomy which would
not be likely to fossilise except under specially
favourable condilions. Olker teasons include
small size; unsuitable niches such as ephemeral
ponds, leaf litters and caves; and inapposite hab-
its of life such as the parasitism of rhizo-
cephuluns, branchiurans and some copepods.

Nevertheless, it is not difficult to make rea-
sonable statements on the evolution of such laxa
based on their otphology, habits and palacobi-
ogeography. Thus, nane of the branchiopod
orders once clussed together us cladocerans are
likely to ptedate the Early Crenceous, Ha-
plopoda (only onc genus — Leprodora) are
highly specialised marine planktic predalors
with a restricted Holarctic distribution (Fryer.
1Y87). Given that the present world ocean with
its characteristic psychrosphere only initiated in
the mid-Cretaceous and that there was i virtually
complele turnover in oceanic plunklon during
the Cretaceous mass extinctions and, further, the
extent ot the Pleistocene ice sheets, it is unlikely

that Leptodora initiated much before the later
Neogene. Similarly, Onychopoda are repre-
sented by few generd #nd although marine spe-
cics are distributed worldwide the freshwater
species arc Holarctic. Onychopoda are also char-
acterised by a Ponto-Caspian radiation of cn-
demic species (Fryer, 1987). Thus, their
evolution possibly correlated with that of Para-
icthys in the mid-Miocene. Ctenopoda and Ano-
mopoda are certainly older and, for the latter
group, fossils are known from the Oligocene and
Early Cretaceous (Fryer, 1987; Jell and Duncan,
1986) — Fryer (1987) doces not accept the Per-
mian fossils described by Smimaov (1970) as
anomopoddns, Both groups are freshwater in
origin, The numerous records of fossil fresh-
waler ostracodes and conchostracans from every
type of continental habitat make it unrcasonable
to claim that Ctenopoda and Anomopoda could
have evolved much before the earliest accepted
anomopodan fossils. Most cvolutionists would
agree with these conclusions since cladocerans
are generally regarded as neolenic.

As further cxamples, the austial biogeography
of the branchiuran Deolops and some continental
calanoid copepods suggests that they probably
evolved on Gondwana before it fragmented, i.c.
before the mid-Cretaccous; but no phylogeny
that | am aware of regards these groups as ances-
tral maxillopodans. Finally, but impartantly,
Cephalocarida (Sanders, 1963; Hessler, 1964)
alsu have no appreciable fossil recond. Their
biogeography indicates wide distribution from
the Americas to Asia and New Zealand, always
in nearshore marine environments, This suggests
that cephalocarids were dispersed via Tethys.
They probably initiated prior to the mid-
Cretaceous evolution of the intervening Atlantic
but after the Late Devonian-Early Carbanifer-
ous, because cephalocarid fossils have not been
reported from the many suitable Tethyan and
ather nearshore facies of this interval that would
have favoured their preservation if present,

The fossil record has much more use for
crustaccan cvolution than the simple provision
of initiation times. It also demonstrates clearly
that in many groups initistion is soon followed
by an adaptive radiation; and as often as not a
Red Queen pattern of extinctions follows this
phase of diversification. Fig. 1 provides ex-
amples from barnacles, decapods and ostia-
cades. Further, itcommonly happens in the fossil
record that only ane or a few tixa belonzing to
some particular group survive through a major
biotic crisis and this surviver or survivor group
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may then embark upon a new adaptive radiation
or else stagnate in an evolutionary sense. The
continental ostracode Darwinula is an excellent
example. 1t evolved in the Carboniferous,
radiated and diversified into several genera and
even families by the end of the Permian, was the
sole survivor of this darwinulocopine diversity
after the Permo-Triassic extinctions, stagnated
through the Mesozoic and most of the Cenozoic,
but may now be at the threshhold of a new
adaptive radiation as it is relatively species-rich
and virtually euryoecious in modern continental
environments and has given off the genus Micro-
darwinula (Danielopol, 1968). The fossil record
also has examples of groups which became es-
tablished early and have maintained a relatively
limited diversity ever since. The longest surviv-
ing examples of this pattern are the Remipedia;
further, the notostracans Triops and Lepidurus
had split off from each other by the Triassic and
have remained species-poor but persistent since
then. A third pattern in the record is that in which
a group initiates and then rapidly becomes ex-
tinct. A good example is provided by Kazachar-
thra (Late Triassic—Early Jurassic).

Very useful in the study of evolution is the
principle of reductionism, termed oligomerisa-
tion by crustacean workers.

When we look, for example, at the multi-seg-
mented and highly spinose limbs of the Cam-
brian maxillopodan orders Phosphatocopida,
Skaracarida and Orstenocarida and compare
them with the same limbs in podocopid ostra-
codes, cephalocarids, and copepods, the modern
groups are obviously oligomerised respective to
the Cambrian taxa. Exploitation of this principle,
however, forms the basis of much crustacean
arboriculture (to borrow D.T. Anderson’s felici-
tous term).

On the other hand, the multiple instances of
convergence (or homeomorphy) in all
crustacean groups are often very difficult to deal
with phylogenetically, as all workers appreciate.
Less appreciated are instances of anhomeomor-
phy, i.e. of dissimilarities which separate taxa
that in reality are monophyletic. Thus, the com-
mon characters which formerly united cladocer-
ans now have been exposed as instances of
convergence between four distinct orders (Fryer,
1987). But the anhomeomorphies between
Spinicaudata and Laevicaudata (conchostra-
cans) as elucidated by Fryer (1987) should not
obscure the stem monophyletic relationship be-
tween these two branchiopod orders; the fossil
record indicates that Lacvicaudata split off from
some Spinicaudata in the Early Cretaceous.
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FIG. 1. A, normal radiation and Red Queen evolu-
tion/extinction in genera of Ordovician to Permian
ostracodes, superfamily Drepanellacea (Scott,
1961). B, radiation, Red Queen evolution/extinction
and stasis in families and genera of Silurian to Recent
barnacles, Lepadomorpha (Newman et al,, 1969). C,
radiation and stasis in families of Jurassic to Recent
decapods, Brachyura (Glaessner, 1969).

Also difficult to cope with is the common
occurrence of neoteny, mentioned earlier with
respect to cladocerans. The recent description of
a punciacean ostracode, Manawa staceyi, sug-
gests that it too has several neotenic features to
go with its highly-oligomerised chaetotaxy, in-
cluding a shallow dome-like univalve in early
ontogeny (Swanson, 1989).

A further factor which contributes to the com-
plexity of elucidating crustacean evolution is the
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frequency of mosaic evolution. This is rarely
emphasised nowadays in crustaccan studies al-
though itis a characteristic phase in the evolution
of numerous groups (Colin and Danielopol,
1980).

Every crustacean is a melange of primitive and
derived characters. While this truth is not re-
stricted to living taxa it leads to considerable
difficulties in arriving at a plausible phylogeny
on the basis solely of the Recent fauna. The
problem was well aired by Dahl (1963: 13-15,
figs 1,2) who warned that the main lincs of
phylogenies were conjecltural,for at present we
possess no actual evidence demonstrating any
case of a group at subclass or higher level being
derived from another group.” (Dahl, 1963 : 13).
The value of the punctuational equilibria hy-
pothesis in this context lies in the fact that we
would anticipatc that aspect of phylogeny. On
the other hand, constant reference to the fossil
record enables the building of a tentative basic
phylogeny that is anchored in geological time
rather than in a cladistics which ignores this
crucial restraint. The reasoning followed in
developing a time-oriented phylogeny for
Crustacea can be illustrated by reference to two
fundamental crustacean characters, the carapace
(or headshield) and the antennule.

There are only two arguments against the
primitive nature of the crustacean cephalic
shield. Firstly, some Cambrian fossils which
seem to have crustacean affinitics lack one, e.g.
Yohoia. Considerable new evidence would have
to be uncovered before this argument could be
sustained. Thus, in Briggs and Fortey (1989, fig.
1), Yohoia lies between the chelicerate-like ani-
mals and the trilobites; and all the crustaccan-
like Cambrian fossils in their cladogram have a
well-defined cephalic shield. Parenthetically,
these mid-Cambrian crustacean-like taxa seem a
polyphyletic cluster; their precise relationships
to each other and to Crustacea remaining poorly
understood. The second argument contends that
Cambrian crustaceans lacking a cephalic shicld
have not been preserved. This argument fails
because the two best known apposite Cambrian
faunas, those of the Burgess Shale and the Or-
sten, are found in deposits that are highly-
favourable to the preservation of soft anatomies:
if such forms were present they surcly would
have been found by now. Further detailed discus-
sion on the carapace is provided in Joncs and
McKenzie (1980).

My position with regard to the crustacean
antennule is more controversial. Crustaceans

have three types of antennule: uniramous,
biramous and triramous. Uniramous antennules
are typical of Maxillopoda and Branchiopoda;
biramous antennules occur in the phyllocarids,
eumalacostracans and Remipedia; triramous
antennules feature in Hoplocarida. Kunze (1983)
proposed recently that, * Hoplocarida and
Eumalacostraca evolved independently from
separate “phyllocarid-like” ancestors.” The
triramous hoplocarid antennule is a key apomor-
phy in her analysis.

Recapping, the earliest fossils assigned to Hoplo-
carida are Devonian palaeostomatopods. The ear-
liest maxillopodans are Cambrian Bradoriida,
Phosphatocopida, Skaracarida and Orstenocarida.
The oldest-known definite phyllocarids are Or-
dovician, but a Cambrian origin for the group is
probable. The oldest remipede has a Silurian age;
the carliest Eumalacostraca are Devonian. Adap-
tive radiations shortly after their evolution certainly
characterise the Bradoriida, Phosphatocopida,
Phyllocarida and Eumalacostraca. The Skara-
carida and Orstenocarida seem short-lived Cam-
brian groups. The Remipedia rcpresent the pattern
of a long-surviving group with limited numbers.

The simplest phylogenetic pathway that is con-
sistent with this record suggests that the ancestral
forms were Early Cambrian bradoriid maxillopo-
dans with an uniramous antennule. Phyllocarids
(biramous antennule) branched off in the mid-
Cambrian, possibly from bradoriids of the suborder
Abdomina (Huo and Shu, 1983). In the Devonian,
Branchiopoda (uniramous antennule) split off from
the Maxillopoda; but Eumalacostraca (biramous
antennule) and Hoplocarida (triramous antennule)
diverged separately from phyllocaridan stock
(Kunze, 1983). Remipedia (biramous antennule)
evolved in the Silurian or earlier, possibly from
phyllocarid-like taxa. Cephalocarida (uniramous
antennule) may have initiated in post-Permian
Tethys as discussed previously, splitting off from
as yet unknown branchiopod-like forms (Fig. 2).
As a systematic exercise, it clevates Hoplocarida
to the same subclass status as Eumalacostraca and
Phyllocarida; but Maxillopoda, Remipedia and
Branchiopoda retain their rank as classes. Note that
subclass and class divergencces are attuned to major
Palaeozoic events.

Given this groundplan, the subdivision of
classes and subclasses can proceed under similar
chorological and event-triggered constraints.
Remipedia are a small group whose biogeogra-
phy and subsequent evolution was crucially in-
fluenced by the mid-Cretaceous separation of
Africafrom the Americas (Schram and Emerson,
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FIG, 2, A, phylogeny of Maxillopoda (Ma). Haplo-
carida (Ho), Eumalacosttaca (Em), Remipedia {Re)
and Phyllocarida (Py) from an origin in bradoriid
Ostracoda (Ob). B, phylogeny ol Muxillopoda (Ma),
Cephalocarida (Ce) and Branchiopoda (Br) from an
origin in bradorlid Ostracoda (Ob).

1986, lower figure, p. 17). Interrelationships of
the orders of Branchiopoda will be published by
Fryer; but neither the evolution of Anopstraca
from Lipostraca, Kazacharthra from Notostraca
and Laevicaudata from Spinicaudata nor the
timings of these events seem much in dispute.
The evolution and relationships of the families
of Hoplocarida seem well understood, those of
Phyllocarida and Eumalacostraca less so, but all
lirree are beyond my expertise. This leaves Max-
illopoda.

Maxillopoda were originally defined by Dahl
(1956) to include Mystacocarida, Copepada,
Branchiura and Cirripedia. Later, the class was
redefined to include also Ostracoda. Tantulo-
carida and the Cambrian orders Skaracarida and
Orstenocarida (Grygier, 1987: Boxshall and
Huys, 1989; Miiller and Walossck, 1988). The
rwo latter orders, with Bradariida and Phospha-
tocopida (Ostracoda), scrve to cmiphasisc the
carly adaptive radiation of maxillopodans and

the equally important subscquent early extine-
tions.

Thanks to painstaking work by Miiller (1979a,
1982} and Miller and Walossek (1985, 1988),
the anatomies of Phosphatocopida, Skaracarida
and Orstenocarida are known in considerable
detail. A comparison indicates clearly that the
mosl gencraliscd limbs are those of the phospha-
tocopid suborder Vestrogothiina in which the
antennule is teduced (Falites), the antenna
through to the maxilla arc biramous and closely
similar in morphology, the 6th and 7th limbs arc
modificd from the antenna-maxilla pattern and
the 8th 'timb’ is lamellar (poeqlbly a furca). In
Hesslandonina, the antennule is small and uni-
ramous, antenna and mandible are biramons and
similar, and the maxillule. maxills, 6th and 7th
limbs while differing somewhat from the
antenna-mandible pattern are also similar
(Miiller, 19792, 1982).

The organisation of Skaracarida limbs re-
sembles that of Hesslandonina, i.e. uniramous
antenule, look-alike antenna and mandible, sim-
ilar maxillule, maxilla and maxilliped; but the
rest of the body is strikingly distinctive compris-
ing 10 circular limbless segments, followed by a
telson and 3-segmented furcac (Miiller ynd
Wulossek, 1985).

Bredocaris, the represeniative of Orsicno-
carida, has differentiated anterior limbs, com.
prising uniramous antennule, biramous antenna,
mandible with well defined coxal gnathobase,
maxillule; but the maxilla and 7 thoracopods are
similar to each other. The body ends in a short
abdomen and furcae (Miiller and Walossek,
1988).

The earlicst fossils of these maxillopodan
orders are Early Cambrian naupliine Bradoriida,
the most primitive of which (Shensiella) seems
to have possessed four body segments not in-
¢luding the telson, indicated by lobe-like expan-
sions of the soft and very thin outer surface of
the carapace shicld (Huo and Shu, 1983: 87). The
progressive decrease in lobes through strati-
graphically higher beds indicates fusion of the
body scgments ferminating in an unsegmented
body (Hanchungelln). This ancestral stock then
divides into the Lipabdomina (lacking an abdo-
men) and Abdomina (with an abdomen). Jones
and McRenzic (1980) also suggcstcd such a
divisionin Bradoriida but regarded itas evidence
for polyphyly. However, the discavery of Nau-
pliinae substantiates a monophyletic origin for
the order.

Fig. 3 prescnts phylogenics uf the carly Max-
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FI1G. 3. Phylogenies of the maxitlopodan orders und the superorder Thecostraca. Left hand side shows the
phylogeny of Skaracarida (Sk), Oerstenocarida (Or) and Thecostraca (Th) from an origin in bradoriid
Abdomina. Right hand side shows the phylogeny of the ustracode orders Phosphatucopida (Ph), Leperditi-
copida (Le), Beyrichicopida (Be), Cladocopids (Cl), Halocyprida (Ha). Myodocoprda (Muy and Podo-

capida/Platycopida (PoPl) from an origin in bradoriid Lipabdomina.,

illopoda based on an origin in naupliine
Bradoriida. On the left, the orders Skaracarida
and Orstenocarida split successively from
Abdomina; and Thecostraca are interpreted as
diverging from Orstenocarida (Miiller and
Walossck, 1988). On this main branch, Tantulo-
carida evolved subsequently from thecostracans
(Boxshall and Lincoln, 1987); Branchiura also
from Thecostraca; Copepoda from Skaracarida-
like forms; and Mystacocarida from Copepoda
(Boxshall and Huys, 1989, fig. 6).

Copepad specialists will decide whether or not
the Early Cretaceous parasitic species from
Brazil is close to the ancestral Copepoda. Based
on geological history, copepods probably diver-
sified nearshore and on land after the Triassic;
profited from the mid-Cretaceous opening of the
Atlantic; were exposed to Cretaceous decima-
tion; and underwent an adaptive radiation espe-
cially in the oceans during the Cenozoic.
Mystacocarida, with their interstitial and caver-
nicole life habits and longitudinal distribution
from Europe to southern Africa, probably
evolved from copepod ancestors during the
opening of the Atlantic. A possible geological
history for some Branchiura was given earlier.

The right hand side of Fig. 3 provides a phylo-
geny based on Lipabdomina and shows evolu-
tion of the ostracode orders. Phosphatocopida
diverged via Oepikalutidac (Joncs and

McKenzie, 1980) in the Midddle Cambrian;
Beyrichicopida in the Late Cambrian possibly
via Beyrichonidae (McKenzic, Miiller and
Gramm, 1983); Leperditicopida perhaps in the
Late Cambrian (Scott, 1961). Podocopida
branched off from Beyrichicopida in the Early
Ordovician, and Platycopida possibly from
Podocopida in the Late Ordovician; while My-
odocopida evolved from Beyrichicopida in the
Ordovician, giving rise to Cladocopida and
Halocyprida in the Ordovician and Silurian re-
spectively, as discussed earlier. The cladistics of
the three latter groups is based mostly on Kor-
nicker and Sohn (1976b). Kornicker (pers.
comm., 1981) accepts the ordinal status of
Cladocopida. Lastly, the photograph of an Am-
phissites soft anatomy in Miller (1979b) shows
that a beyrichicopid origin for podocopids and
platycopids is plausible.

EPILOGUE

History is the biostratigraphy of Homo
sapiens, now self-recognised as a rather insensi-
tive dominant in the organic world. A main fea-
ture of this dominance has been the passive
dispersal of thousands of species, usually
deliberate but also, on numerous occasions,
accidental. Thus, ever since the first human
settlemnents people have transformed their sur-
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rounding environments by the cultivation of ex-
otic but useful plants. The earliest such introduc-
rions can be dated archaeoerhnobotanically, but
most information on the spread of useful plants
is accessed by studying socio-cconomic history.

Many crustaceans have minute dessication-re-
sistant eggs that could be transported casily with
seeds of exotic cereals and other plants, in soil
packed around cuttings; also as dust carried with
trade goods, and by travellers and migrating
peoples. Both archacocthnobolanical and his-
torical records were cited by McKenzie and
Moroni (1986) in documenting the role of
humans as an agent of crustacean passive dispes-
sal via uselyl plants with respect to (he many
ostracode ospifi esteri (forcign gucsts) of north-
ern Italian ricefields. These species originated
variously, in Africa, Australia, Asia and South
Amcrica, None of them have been identified in
European Tertiary and Quaternary fossil assem-
blages. The authors also stressed that numerous
other exotic plants could have been the firsi
vectors for such intreductions (McKcnzic and
Moroni, 1986), Margaritora, Ferrari and Crosetti
(1987) found a Far East Mo/na (cladoceran) in
an lalian ricefield which they thought came in
with sced exchanges: and Ferrari (pers. comm.,
1989) has identified an Oriental calanoid
copepod in northern Italy.

Marine Crustacea are also susceptible 1o pas-
swve dispersal by humans, the principal vectarin
this instance being shipping ballast. The earliest
ballasts were large stones — clumps of ballast
stoncs can still be seen on atolls, such as Aldabra
in the Indian Ocean — and the mud and water
associaled with these could harbour small
crustaceans, Thus the homogeneity of shallow
water ostracode assemblages in island groups of
Micronesia (Weissleader ef al., 1989) may well
be due in pan (o passive dispersal via frequent
inter-island voyages.

Sea trade was well established even befoice
Roman times and by the 12th century Islam
controlled the Asiansca routes. Withthe Chinesc
invention of bulkheads (Necdham, 1971), large
ships capable of long occanic voyages ¢ould be
built. The Ming admiral Zhung He established a
Chinese hegemony in the [ndian Oceap extly in
the 15th century, but this lapsed when later Ming
emperors adopted an isolationist policy, In 1492,
Columbus discovered Amecrica and in 1493
Vasco da Gama sailed round southem Afrca tn
India. Soon Portupal, Spain, Holland, France and
Britain were colonising and trading ditectly in
Asia and the Amcricas. Whea necded, ballast

was dredged up by shipboard pumps from har-
bour bottoms. This practice continues and now
poses a serious quarantine problem worldwide.
For example, uround 60 million tonnes of ballast
water are discharged in Australlan waters cach
vear; and crustaceans are known to be among Lthe
numerous organisms dispersed intermationally i
this way (Australian Quarantine and Inspection
Service pamphlet, 1990), My own research his
concentrated upon trade in Ihe Mediterranean fur
which the historical records are excellent, pattic.
ularly those in the Venetian archives (Borelli.
1985), Maddocks (pers. comm,, 1988) has sug-
gested thal sume unexpected vstracode distnbu-
tions off Flotrida may be duc to passive dispersal
in the ballast of piratc ships during the 16th to
18th centurics.

Many disconlinuous distributions of Recent
crustacean species and genera are simply ex-
plaincd by passive dispersal in ballast sludge
during the past S00 years. Apart from taxa cited
in McKenzic (1989), the ostracodes Mungava
and Dolerocypria (Wouters, 19873, 1987b) and
the harpacticoid Darcythompsonia (Fiers, 1986)
could have been disuributed passively in such &
manner.

Obviously, any taxa spread by humans on land
or by sea are allochlbonous o the geological
¢volution of Crustaces; and phylogenetic intes-
pretations based upon such distributions are
faulty, Because crustaccan taxonomy jtself is
only about 250 years old many of these disper-
sals predate it; but others, particularly of small
species, are sti)) oecurnng.
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